In our previous studies, a series of laboratory experiments were performed in order to evaluate the feasibility of applying the freshwater bivalve Sinanodonta woodiana as a Microcystis blooms removal tool. The results suggested that S. woodiana could greatly graze both the pure cultured Microcystis aeruginosa and the natural blooms of toxic Microcystis spp. in unicellular and colonial forms. Furthermore, in the subsequent long-term grazing experiment, the bivalves themselves demonstrated strong survival ability during exposure to natural eutrophic water containing microcystins (MCs) for 12 days. In order to clarify the survival mechanisms (selective feeding and detoxification mechanisms), we summarized all the conducted experiments and made a correlation analysis between the diet characters and the bivalves' physiological rates. The results showed that (1) MCs did not restrain the feeding behavior of S. woodiana; instead, the exorbitant initial food concentration could inhibit the filtration rates; (2) the absorption efficiency increased with the elevation of the toxic algae Microcystis concentration; (3) there was an obvious positive correlation between ammonia excretion rates and microcystin concentrations. Finally, combined with the phenomena in the long-term grazing experiment, the possible detoxification mechanism in this bivalve was inferred.
INTRODUCTION
As an important economic pearl bivalve, Sinanodonta (Anodonta) woodiana is widely spread in Chinese freshwaters 1) . Due to its strong filtration and suppression ability of phytoplankton, this species of bivalve has been attracting increased attention as a biomanipulation tool in freshwater eutrophic lakes 2) .
In Chinese Lake Taihu, where Microcystis spp. frequently bloom especially in summer, S. woodiana has been found in the lake especially in the littoral zones 3) . In addition, a similar phenomenon has been reported for A (S) . woodiana in Lake Suwa, Japan. In Lake Suwa where the bivalve samples were collected, dense water blooms of Microcystis spp. occur every year, and in surface water, the concentrations of microcystins (MCs) were estimated to range from 40 to 100 g/L 4) . The coexistence of bivalves with high concentrations of MCs indicated that there must be a strategy for the bivalves to overcome toxicity resulting from exposure to cyanobacteria, and which will enable them to survive and reproduce.
In our previous study, in order to assess the feasibility of applying S. woodiana as a Microcystis blooms removal tool in eutrophic shallow lakes, we performed a series of laboratory experiments: (1) S. woodiana's acute physiological responses to different microalgae diets 5) , (2) six-day feeding response experiment 6) , and the results suggested that not only the pure cultured Microcystis aeruginosa, but also the naturally blooming toxic Microcystis spp. of unicell and colony can be grazed greatly by S. woodiana; moreover, in the following long-term grazing experiment 6) , the bivalves themselves have shown strong adaptation ability when they were exposed to toxic natural eutrophic water for 12 days 6) . In accordance with the phenomena of A (S). woodiana's survival both in the Lake Taihu and Suwa, these results indicated that there were probably survival mechanisms (selective feeding and detoxification mechanisms) that aided the bivalves in surviving when they were exposed to toxic cyanobacterial blooms in the field.
However, most research related to MCs depuration have been focused on the detoxification process on mammals and fish 7, 8) . There are few studies that describe the MCs metabolism mechanism of freshwater bivalves when they are exposed to the highly toxic Microcystis spp. blooming water.
Therefore, this study aims to figure out the selective feeding mechanism and to deduce the possible detoxification mechanism to the high concentrations of MCs, based on the phenomena found in the long-term grazing experiment.
LABORATORY EXPERIMENTS
(1) S. woodiana's acute physiological responses to different microalgae diets 5) A (S). woodiana with similar sizes (shell length of 9.13 ± 0.32 cm) were chosen to remove the effects caused by physiological sizes. Pure cultured toxic Micosystis aeruginosa strain NIES-90 and green algae Scenedesmus obliquus strain NIES-2279 were used in their exponential stable phase of growth.
There were three food treatments: (1) toxic M. aeruginosa (total MCs concentration was 1.55 g/L), (2) S. obliquus, and (3) a mixture of 50% toxic M. aeruginosa and 50% S. obliquus at the same initial Chl.a concentration of 35 g/L.
(2) Six-day feeding responses experiment 6) The experiment was performed at controlled conditions (25 ± 1°C , 12h light:dark cycle, 3400 lux) in four tanks (40 cm × 25.2 cm × 26.2 cm, 20 L liquid). The bivalves of similar size (shell length of 7.45 ± 0.41 cm) were chosen and kept in three replicated treatment tanks (3 bivalves per tank); the rest tank without bivalves was set as control. Bivalves were fed with Microcystis-blooming pond water (the initial Chl.a concentration was 120.0 g/L and the initial MCs>3.6 g/L) for six days.
The results of the physiological rates measured in these two experiments are shown in Table 1. (3) Long-term grazing experiment 6) The long-term comparative grazing experiment was carried out to evaluate the effects of toxic cyanobacteria on S. woodiana's feeding and survival. As shown in Fig.1 (a) , the culturing part of this experiment was conducted in two tanks (40 cm × 25.2 cm × 26.2 cm) both containing 10 L of filtered water from a pond in Oita, Japan, with 10 bivalves (shell length of 7.32 ± 0.31 cm) at controlled conditions (25 ± 1°C, 12 h light:dark cycle, 3400 lux) with continuous aeration. On 0-day, 3-day, 6-day and 12-day, the grazing rates and metabolic rates were measured ( Fig.1 (b) ). The filtration rate measurements were performed through the 4-h feeding experiments. Six bivalves in each tank were collected at random for each food suspension, and then the selected six bivalves were transferred to three replicated 2 L beakers (two bivalves per beaker) for the filtration rate measurement. Each of the beakers contained 1 L corresponding food suspension. After that, respiration rate, absorption efficiency, and ammonia excretion rate measurements were carried out as described in Section (4). Finally, the scope for growth (SFG) values were calculated.
(4) Physiological rates measurement and SFG calculation This measurement of physiological energetics, normally in terms of SFG, can provide instantaneous assessment of the growth process of bivalves as affected by environmental stress and pollution. SFG is measured by integrating several physiological parameters, including filtration rate, absorption efficiency, respiration rate, and ammonia excretion rate, all of which can directly affect the energy available for growth, maintenance, and reproduction of bivalves.
a) Filtration rate measurement
The filtration rate (FR, mL/g FW/h) of each individual bivalve, defined as the volume of water cleared per unit time was determined by the time course of the decrease of algal density due to bivalve filtration. The FR was determined by the following formula, which has been used in modified form by many other authors 9) :
where V is the volume of the food suspension, w is the fresh weight of the bivalves in each vessel (g), t is the duration of the experiment (in hour), C0 is the Chl.a concentration (mg/L) at 0 or one time step before t, and Ct is the algae concentration at time t. In the vessels with bivalves the algae concentration was corrected for changes observed in the control vessels.
The amount of ingested or consumed energy (C) was calculated for each individual bivalve by multiplying FR by the amount of particle organic material (POM) per liter in input water samples and assuming an energy content of algal material of 23 J/mg 10) .
b) Respiration rate measurement
The respiration rate ( g O2 /g FW/h) of bivalves was measured by respirometers in enclosed chambers (1200 mL). A chamber without a bivalve was used as a control. Water in the chamber was mixed by a magnetic stirrer placed at the bottom. The oxygen concentration in the pond water was detected by an oxygen electrode. Measurement of oxygen concentrations commenced when the animals opened Chlorella Group Blooming Microcystis Group
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Step 3. Ammonia excretion rate measurement their shell valves and lasted for two hours in darkness. Oxygen concentrations were plotted against time of measurement and the respiration rate was calculated from the slope of the decrease of oxygen concentrations over time during two hours. The amount of energy metabolized in respiration (R) was calculated assuming an energy content of 0.456 J/ mol O2 11) .
c) Absorption efficiency measurement
The absorption efficiency of the organic matter by bivalves was determined by the ratio method 12) . This method assumed that the absorption of the inorganic component of food was insignificant during the digestive process. After the respiration rate measurement, the bivalves were placed into three vessels with 2 L aerated dechlorinated tap water. Any feces egested were collected after 12 hours. The feces were filtered onto a preweighted GFF filter paper (Whatman). The filters were subsequently ashed in a muffle furnace at 450°C for 1 h, and the loss of organic matter was calculated. The absorption efficiency (AE) was calculated by comparing the ratio of organic and inorganic materials between the food and feces, by the following equation 12) :
where F is the ash-free dry weight:dry weight ratio of the food and E is the ash-free dry weight:dry weight ratio of feces.
d) Ammonia excretion rate
Another component of metabolic loss is presented by the products of excretion. The ammonia excretion rate (ER; g NH4 + /g FW/h) measurement was performed simultaneously with the filtration rate measurement. After the collection of Chl.a with GFC filter paper (Whatman), the filtered water sample was filtered with a membrane filter with a pore size of 0.45 m and then measured for the ammonium ion concentration with the Dionex Ion Chromatography ICS-2100_ICS-1100_AS (Thermo Fisher Scientific, USA).
Ammonium ion concentrations were plotted against time of measurement and the excretion rate was calculated from the slope of the decrease of ammonium ion concentrations over time (the ammonium ion concentration was measured every 30 minutes). The amount of energy used in excretion (U) was calculated for each individual bivalve by multiplying ER by assuming an energy content ammonium ion of 19.4 J/mg NH4 +13) .
e) Calculation of scope for growth (SFG)
The SFG, which defined the energy available for growth and reproduction, was calculated by the following equation 14) :
where A is energy absorbed from the food, C is the consumed energy, AE is absorption efficiency, R is respired energy, and U is excreted energy.
STATISTICAL ANALYSIS
The repeated measures ANOVA was used to decide the differences in all the bivalve physiological parameters and SFG values between the Blooming Microcystis Group and Chlorella Group during 12 days.
All statistical analyses were carried out with SPSS 16.0 for Windows.
RESULTS (1) Physiological rates a) Filtration rates
S. woodiana filtration rates on toxic Microcystis spp. ranged from 0.53 to 2.23 mL/g FW/h and on non-toxic Chlorella vulgaris ranged from 0.55 to 1.92 mL/g FW/h, (Fig.2) , with mean values of 1.48 and 1.40 mL/g FW/h, respectively.
A slight decrease of filtration rates was observed on 3-day for both food groups. However, S. woodiana filtration rates throughout the 12 days' exposure to toxic Microcystis spp. did not decrease obviously (P>0.05, ANOVA), indicating that there were no detrimental effects of cyanobacteria toxicity on the filtration of S. woodiana. Moreover, the weight-specific filtration rates of bivalves for Chlorella Group and Blooming Microcystis Group throughout the 12 days were not significantly different (repeated measures ANOVA, P>0.05). The algae sizes for the two groups were obviously different (colonial M. aeruginosa>200 m unicellular M. aeruginosa 3-4.5 m; C. vulgaris 3-6 m). The weight-specific filtration rates between the two groups indicated that the gill in this species of bivalve can filter food with a variety of sizes, which can be the adaptation response to the environment.
b) Absorption efficiencies
The absorption efficiency of S. woodiana for the two groups is shown in Fig.3 . S. woodiana absorption efficiencies of the Blooming Microcystis Group are statistically higher than those of the Chlorella Group (repeated measures ANOVA, P<0.05). S. woodiana absorption efficiency on toxic Microcystis spp. ranges from 38.4% to 86.4% and from 11.5% to 39.0% on non-toxic Chlorella vulgaris ranged, (Fig.3) , with mean values of 70.1% and 24.3%, respectively.
c) Respiration rates
As shown in Fig.4 , respiration rates between the two groups were not significantly different during this experiment (repeated measures ANOVA,
P>0.05). d) Ammonia excretion rates
The ammonia excretion rates of S. woodiana for the two groups are shown in Fig.5 . Ammonia excretion rates of the Blooming Microcystis Group are statistically higher than those of the Chlorella Group (repeated measures ANOVA, P<0.05).
(2) The energy budgets
As shown in Fig.6 (a) and 6 (b), on the energy level, the toxic M. aeruginosa supplies significantly more potential growth energy for the bivalve S. woodiana than Chlorella vulgaris (repeated measures ANOVA, P<0.05).
S. woodiana SFG on the Blooming Microcystis Group ranged from 1.7 to 8.0 J/g/h and from -0.1 to 1.3 J/g/h on the Chlorella Group, with mean values of 4.2 and 0.6 J/g/h, respectively. No bivalve mortality was registered for both Blooming Microcystis Group and Chlorella Group.
A slight decrease in SFGs was observed on 3-day for both food groups. However, throughout the 12 days exposure to toxic Microcystis, S. woodiana SFGs did not decrease significantly (P>0.05, ANOVA), indicating there were no negative effects of cyanobacteria toxicity on the potential growth of S. woodiana.
DISCUSSIONS (1) Feeding behavior and selective mechanism a) Filtration selectivity factors
There were no significant differences in weight-specific filtration rates between the Chlorella Group and the Blooming Microcystis Group throughout the 12 days. Table 2 indicates the results after the correlation analysis between the diet characters and physiological rates, which were calculated based on all the measurement results of A (S). woodiana used in these three experiments. With regard to the affecting factors of filtration rates, as shown in Table 2 , there was an obvious negative correlation between the initial food concentration and the filtration rates (P<0.001). It has already been reported by many authors that with increasing food concentrations, the filtration rate frequently decreases for a large number of bivalve species examined: e.g., Dreissena polymorpha1 15) and Mytilus edulis 16) . However, as indicated in Table 2 , the inhibiting effect of MCs on the filtration rates of S. woodiana was not obvious (P>0.01).
It was pointed out by Jorgensen that higher concentrations of suspended particles in the ambient water induced secretion of mucus. When mucus was produced, the chance of particles being caught, and thus ejected as pseudofeces, depended upon size, shape, and other physical characteristics of the particles, and not quality, i.e., food value 17) . In the case of algal suspensions, food quantity can be expressed as Chl.a concentrations and particulate organic matter (POM). As mentioned in the research of G. Juhel et al. 18) , food quality or food value can be expressed in different ways: organic: inorganic ratio of seston 19) , toxin content 20) , and also polyunsaturated fatty acids content 21) . The MCs concentration belonged to the food value, thus it did not induce excessive pseudofeces excretion, therefore, obvious inhibitory effect of MCs on the filtration rates of S. woodiana was not observed in the long-term grazing experiment.
Filtration rates in filter-feeding bivalves are basically automatized process, and they are not subject to physiological regulation at the organismic level, e.g., according to nutritional needs, but they are determined by the capacity of the pump and concentration of food in the ambient water 17) .
b) Absorption selectivity factors
The distinctly higher S. woodiana absorption efficiencies of the Blooming Microcystis Group than those of the Chlorella Group found in the long-term grazing experiment are consistent with those reported in the first laboratory experiment--S. woodiana's acute physiological responses to different microalgae diets. In that experiment, we found that the absorption efficiencies of A (S). woodiana on M. aeruginosa were obviously higher than those on S. obliquus 5) . Moreover, Peirson 22) observed a low absorption efficiency value in Argopecten spp. of 17% for Chlorella autotrophica. In the oyster Crassostrea virginica, Tetraselmis suecica was digested and absorbed with an efficiency of only 6% 23) . These low absorption efficiency values have been attributed to the thick indigestible cell walls of these Chlorophyte species 24) . With regard to the effect of MCs on the absorption efficiency, as shown in Table 2 , the absorption efficiency of S. woodiana has an obvious positive correlation with MCs concentration (P<0.001). It shows that the absorption efficiency increases with the elevation of the toxic algae Microcystis concentration, indicating that A (S). woodiana has much higher digestion ability on toxic Microcystis spp.
As we discussed in the first laboratory experiment, the possible reason was that Chlorophyta cells have thick cell walls, which make them indigestible in the digestive tracts; another possibility was that it was the different digestive enzyme activity in A (S). woodiana's digestive tract that induced the higher absorption efficiency of M. aeruginosa to the green algae. The amylase catalyzes the breakdown of starch into sugars in the mouth and small intestine; proteases catalyze the breakdown of proteins into amino acids in the stomach and small intestine. The ratio of amylase to protease enzyme activities in the stomach of A (S). woodiana reported by Fei et al. 25) was quite high, and it indicated that A (S). woodiana had stronger digestive ability on cyanobacteria that mainly consist of starch compared to green algae that mainly consist of protein 5) .
(2) Ammonia excretion rates with possible detoxification process The ammonia excretion rates of the Blooming Microcystis Group were obviously higher than those of the Chlorella Group. In addition, the toxic M. aeruginosa supplied more potential growth energy for the bivalve throughout the long-term grazing experiment, indicating that there were no negative effects of cyanobacteria toxicity on S. woodiana potential growth, probably due to the presence of the detoxification ability.
Regarding to the factors affecting the ammonia excretion rates, as shown in Table 2 , there was an obvious positive correlationship between the ammonia excretion rate and the MCs concentration (P<0.001).
This is possibly due to the degradation process that the accumulated MCs can be degraded and finally excreted as ammonium. In addition, the energy consumed in this process was included in U.
MCs are monocyclic heptapeptides. The detoxification of MC-LR in the liver is known to occur via conjugation to glutathione by glutathione S-transferase (GST) activity 7) . The conjugation of MC-LR to glutathione is transported to the kidneys and intestine for excretion 26) . The hepatic metabolism of MCs, produced by cyanobacteria, was studied by injection in mice and rats by Kondo et al 7) . In their study, two metabolites (glutathione and cysteine conjugates of MCs from mouse and rat livers) were found, and the glutathione conjugate detected at 3-h was transformed to the cysteine conjugate at 24-h. These results indicate that the conjugation of MCs with glutathione is important in the metabolic pathway for detoxification of MCs through the cysteine conjugates formation 7) . In the experiment performed by Ito et al. 26) with mice, the conjugation of MCs with cysteine MCLR-Cys was detected to be the most actively excreted from the kidney. Furthermore, it was pointed out in that study that the appearance of toxicity in MCs depended on the balance between accumulation and metabolism in the liver. These results suggested that through MCLR-Cys formation, the detoxification process could be done by the liver and then, the conjugation MCLR-Cys could be transferred to the kidney and be excreted in the form of ammonium. However, all these studies were performed with mice rather than bivalves.
Most research related to MCs toxicity had been focused on the acute effects on mammals and fish. There have been few studies on the MCs metaboli-zation process in bivalves was seldom, and some research results have only been reported in the past two years.
Biotransformation via GST detoxifies MCs. Conjugation to glutathione enhances the water solubility of the toxin for better excretion. In the experiment conducted by Burmester et al. 27) , the freshwater bivalves Dreissena polymorpha and Unio tumidus demonstrated biotransformation (via the enzyme GST) and excretion capacity for cyanobacterial toxin MCs. D. polymorpha was capable of detoxifying MCs up to 50 g/L via GST system for a duration of at least seven days as could be observed during a cyanobacterial bloom.
In the experiment performed by Sabatini et al. 28) with the freshwater bivalve Diplodon chilensis patagonicus, the results indicated that this species would be able to consume toxic cyanobacteria for about three weeks, which is a considerable time for a cyanobacterial bloom, without much accumulation of MC-LR, and without suffering visible biochemical damage for at least four weeks. Thus, it was suggested in their study that this species could tolerate the exposure to seasonal toxic cyanobacterial blooms. Therefore, possibly, like in other organisms, in S. woodiana the MCs were conjugated to glutathione by GST system to form the cysteine conjugates in the liver, through which MCs were detoxified, and then they were transported to the kidneys and intestine, where they were metalized into ammonium and excreted.
CONCLUSIONS
The results from the long-term grazing experiment, combined with the previous experiments indicated that for the bivalve S. woodiana:
(1) Filtration selectivity factors--MCs did not restrain the feeding behavior of S. woodiana; instead, the excessive initial food concentration could inhibit the filtration rates.
(2) Absorption selectivity factors--thick cell walls of Chlorophyta cells made them indigestible in the digestive tracts; probably it was the different digestive enzyme activity in A (S). woodiana's digestive tract that induced the preferred ingestion of M. aeruginosa to the green algae.
(3) The possible detoxification process--in the bivalve liver, through the MCLR-Cys formation, MCs could be detoxified and then they were transferred to the kidney and were excreted in the form of ammonium. In addition, more MCs were metabolized efficiently rather than accumulated in the liver, thus the MCs toxicity effect in S. woodiana did not manifest.
Therefore, owing to all these physiological adaptation mechanisms, S. woodiana can survive in Microcystis-blooming water bodies up to specific densities, including resistance to toxic chemicals.
However, in order to verify the detoxification process in the bivalve S. woodiana inferred in this study, further research needs to be performed in future.
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